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Introduction
The demand for helicopters with increased performance and the quest for efficiency improvements in vertical axis wind turbines have prompted further investigations into the dynamic stall that often appears on rotors retreating blades. Dynamic stall is an unsteady phenomenon that takes place on lifting objects in response to time variations of the angle of attack, and it is responsible for dramatic changes in the aerodynamic loads, high vibration affecting the dynamic performance, and occurrence of aeroelastic instability (stall flutter). A considerable number of researches have extensively studied these phenomena in the past [1] [2] [3] [4] [5] [6] . Experimental works have mainly focused on unsteady flows over two-dimensional aerofoils undergoing prescribed pitching motions [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] . McCroskey [2, 3] discovered that the stall is characterised by a lift overshoot, due to the passage of a large scale vortex over the suction side of the aerofoil, followed by a lift breakdown associated with the vortex detachment, and Shih et al. [12] suggested that the main stall vortex is induced by the early boundary layer separation near the leading-edge of the aerofoil, and that full stall occurs when the boundary layer detaches completely from the aerofoil.
High fidelity numerical simulations of dynamic stall in configuration of aeronautical interest are particularly expensive due to the broad range of time and space scales involved in the phenomenon. However, conventional turbulence models are known to fail in producing reliable solutions in such complex, out of equilibrium conditions: unsteady, recirculating and locally transitional flow. A general, but somehow outdated review on the numerical simulations of dynamic stall [13] [14] [15] [16] [17] [18] [19] can be found in the work of Ekaterinaris and Platzer [20] . Several other works have highlighted the difficulties that RANS calculations encounter when dealing with dynamic stall. In particular, Wang et al. [17] used two variants of the k − ω model, the standard and the SST one, to simulate the flow at moderate high Reynolds number Re c = 10 5 . From a comparison with experimental results, they noticed that the models can not precisely capture the size and position of the dynamic stall vortex. Moreover, the quality of the predictions of the models deteriorate as the angle of attack increases. Dumlupinar and Murthy [18] further investigated the performances of various turbulence models and pointed out that different turbulence closures predict a broad range of different behaviours even in light stall cases. Recently, Rosti et al. [21] performed a DNS of flow around a NACA0020 aerofoil, with the aim of elucidating the physical mechanisms that determine the dynamic stall vortex creation, its evolution along the aerofoil and the subsequent detachment.
Because of the undesirable aerodynamic and structural consequences of dynamic stall, many researchers have focused on the development of control techniques able to palliate such adverse effects. In this framework, a number of different passive and active control techniques [22] [23] [24] [25] have been proposed in the past. More recently, researchers have been looking at biomimetic devices to control flow separation on aerofoils at high angle of attack. In particular, it has been observed that birds can overcome certain flight critical conditions, by popping up some of their feathers when flow separation starts to develop on the upper side of their wing [26] [27] [28] . It is believed that the feathers lift up may contain backflow thus preventing an abrupt breakdown of aerofoil lift typical of dynamic stall. With the aim of demonstrating the effectiveness of devices mimicking the feathers pop-up, Schatz et al. [29] have shown that a self-activated spanwise flap elastically mounted by the trailing edge of an aerofoil can enhance lift by more than 10% at a chord Reynolds number Re c = U ∞ c/ν (U ∞ being the magnitude of the free stream velocity, c the aerofoil chord and ν the kinematic viscosity) in the range of 10 6 . In a related experiment, Schluter [30] has also demonstrated that dynamic stall lift-breakdown is less severe when a similar flap is used.
More recently, Bruecker and Weidner [6] used hairy flaps (i.e., flaps with a thickness much smaller than the plant form sizes) to manipulate the dynamic stall of a wing at moderate Reynolds number Re c = 77000, observing a delay of the dynamic stall. The authors claim that the delay is achieved by both the reduction of the backflow, and by regularising of the shear layer roll-up process. Moreover, they suggest that the onset of the shear layer non-linear growth is delayed via modelocking of the fundamental instability mode with the motion of the flaps. Rosti et al. [31, 32] performed a DNS of the flow around a NACA0020 aerofoil with a flap mounted via a torsional spring on its suction side at a fixed angle of attack 20 o . They found an increase in lift by around 20% when the spring stiffness, geometry and location are properly tuned. Under these conditions, a pulsed jet induced by the flaplet oscillatory movement, that is in turn due to the periodic transit of a large recirculation bubble on the aerofoil suction side, displaces the trailing edge vortices further downstream, away from the wing. The consequences of this downstream displacement of the trailing edge generated vortices, are: a reduction of the downforce generated by these vortices and a regularisation of the shedding cycle that reveals to be much more ordered in time and space when the flaplet is 
activated.
In the present work we focus on the passive control of a NACA0020 aerofoil undergoing a ramp-up manoeuvre (angle of attack increased linearly in time from 0 o to 20 o degrees at an angular speed of 0.12U ∞ /c), using self-adaptive flaplets elastically mounted on its suction side. The next section introduces the numerical formulation and the problem setup. In the following one, we present our original contribution by offering an exhaustive analysis of the flow during a ramp-up motion at Re c = 2 × 10 4 . Finally, the last section summarizes our main findings and draws some conclusions.
Numerical formulation
To tackle the problem at hand, we consider an incompressible three-dimensional unsteady flow field, around a straight wing with an infinite spanwise dimension as sketched in Figure (1a) . The chosen coordinate system is a Cartesian inertial one, with the x and y axis (x 1 and x 2 ) aligned with the parallel and normal to the aerofoil chord directions, while z (x 3 ) is the axis normal to the paper. Also, u, v and w (u 1 , u 2 and u 3 ) are used to denote the velocity components parallel and normal to the chord, and along the span respectively. With the given notations, using Einstein's summation convention, the dimensionless equations that govern the incompressible flow motion are:
The equations given above, have been made non-dimensional using the magnitude of the free stream velocity U ∞ and the aerofoil chord c. Also, in the momentum Equation (1), Re c = U ∞ c/ν is the chord-based Reynolds number and f i represents a system of singular body forces used to keep into account the presence of the flap as it will be discussed later. The momentum and mass conservation equations (1 and 2), are discretised on a cell-centered, co-located grid using a well-established curvilinear finite volume code [21, 33, 34] . The fluxes are approximated by a second-order central formulation, and the method of Rhie and Chow [35] is used to avoid spurious pressure oscillations. The equations are advanced in time by a second-order semi-implicit fractional-step procedure [36] , where the implicit Crank-Nicolson scheme is used for the wall normal diffusive terms, and the explicit Adams-Bashforth scheme is employed for all the other terms. The pressure Poisson equation arising when imposing the solenoidal condition on the velocity field, is transformed into a series of two-dimensional Helmholtz equations in wave number space via Fast Fourier transform (FFT) in the spanwise direction. Each of the resultant elliptic 2D problem is then solved using a preconditioned Krylov method (PETSc library [37] ). In particular, the iterative Biconjugate Gradient Stabilized (BiCGStab) method preconditioned by an algebraic multigrid preconditioner (boomerAMG) [38] revealed to be quite efficient in dealing with the decoupled elliptic problems. The code is parallelized using a streamwise domain decomposition via the MPI message passing library. Further details on the code, its parallelization and the extensive validation campaign that has been carried out in the past can be found in Rosti et al. [21] .
The aerofoil that has been selected for the present study is a symmetric NACA0020, which has been extensively studied in static stalled conditions by the authors in a previous research [21] . The flow domain around the aerofoil is meshed using a body fitted C grid arrangement (see Figure (1b) ). The grid is adapted to the three dimensional case by uniformly repeating the baseline 2D grid in the spanwise direction. The boundary conditions that have been considered are as follows. Impermeability and no slip conditions are set on the aerofoil wall, periodic conditions are enforced on the planes bounding the domain in the spanwise direction, and continuity of the flow variables is applied through the top and bottom planes generated by the C-grid topology downstream of the trailing edge. On the external surface that bounds the computational domain, a convective boundary condition is used for the outlet, while a Dirichlet type condition based on an far-filed irrotational approximation (Hess and Smith panel method [39] ) of the flow is enforced on the inlet portion of the surface bounding the computational domain.
When a dynamic variation of the angle of incidence is considered, as in the a ramp-up case, the inlet conditions are modified accordingly by changing the local direction of the velocity vector. An alternative formulation to impose the ramp-up manoeuvre, consisting in rotating the aerofoil in time using a non-inertial frame of reference mounted on the wing [40] (axis of rotation passing through the centroid of the foil), has also been considered. Before discarding this last option, we have evaluated the difference in the results obtained when using the two approaches. No significant differences have been observed when low reduced frequencies are considered and the rotation takes place along an axis normal to the paper passing through the centroid of the aerofoil. In particular, the variation in the lift and drag integral values revealed to be quite marginal.
Thus, all the three-dimensional simulations that will be presented have been obtained considering an inertial frame of reference, at a chord Reynolds number Re c = 20000 and by varying the angle of attack according to a ramp function of time with an initial linear increase (constant rate k = 0.12U ∞ /c) from 0 to 20 o and a subsequent constant value of the angle of attack, kept at α = 20 o (stalled condition).
The grid system that has been chosen for the three-dimensional simulations, has been determined after a number of trial-and-error tests and companion grid convergence studies spanning the whole free stream velocity vector rotation. Finally, we have selected a 2785 × 626 × 97 (nodes in the x 1 , x 2 and x 3 directions, respectively) grid. In terms of local wall units, in the turbulent portion of the attached boundary layer, the corresponding mesh resolution verifies ∆x + < 3.0, ∆y + < 0.5 and ∆z + < 7.5 (superscript + indicates standard local viscous units lengths: i.e., lengths made non dimensional using the kinematic viscosity ν, and the skin friction velocity u τ ). Further details on the procedure that has been followed to generate the grid and the mesh refinement study campaign can be found in [21] .
The conceptual aerofoil-flap configuration that has been considered is sketched in Figure (1c) showing the NACA0020 aerofoil with a rigid thin flap hinged via a torsional spring in the trailing edge region. The flap motion takes place in the x-y plane (i.e., no torsion allowed around their main axis), and is modelled using the second order ordinary differential equation
In equation (3), θ is the angular displacement with respect to the equilibrium angle (i.e, θ = 0) assumed to correspond to the condition in which the flap is tangent to the aerofoil. Also, I is the flap moment of inertia, C and K are the spring damping factor and stiffness, while T is the torque exerted by the fluid on the flap. The fluid-solid coupling of the moving appendages is kept into account by a singular body force distribution discretely applied along the flaps. This discrete, localised force system corresponds to the forces f i appearing in the momentum equation (Equation (1)), and the integral of their moments about the flap hinge constitutes the torque term T in (3). The intensity of the body forces f i is related to the correct imposition of zero relative fluid velocity on the flaps. In particular, their values are determined by the immersed-boundary RKPM method [41] supposing a zero thickness flap. Further details on the implementation of the present fluidstructure interaction methodology using the IB-RKPM method on moving and/or deformable slender bodies are given in Favier et al. [42] .
Results and discussions
To introduce the effects produced by the presence of a membrane-like flap hinged on the suction side of an aerofoil, we first illustrate the main features of the baseline flow under consideration: the flow around a NACA0020 aerofoil undergoing a rampup manoeuvre without the application of any control device at a chord Reynolds number fixed to the value of Re c = 2 × 10 4 . In particular, the angle of attack undergoes an initial linear increase from α = 0 to α = 20 o with a reduced frequency k = 0.12U ∞ /c followed by a steady value of the angle at α = 20 o . The variation of α with time matches the experimental conditions of Brucker and Weidner [6] and is also very similar to the one considered in [5] .
Baseline flow description
All the ramp-up simulations are initialized from a fully developed, zero degree angle of attack flow condition. All averaged quantities that will be presented have been obtained employing a double averaging procedure: space averaging in the homogeneous z-direction and ensemble averaging at same time instants obtained from simulations using different initial conditions. In particular, similarly to Rosti et al. [21] , we have considered ten realisations obtained using ten different initial conditions obtained from instantaneous zero degree flow fields sampled within two shedding cycles.
Figure (2a) shows the time evolution of the lift and drag coefficients during the ramp-up motion for the baseline configuration without flap (solid lines) (see Rosti et al. [21] for further details). Initially, both coefficients increase until reaching their maximum values well after the end of the linear increase of the angle of attack. At about 5tU ∞ /c, the lift decreases abruptly while the drag starts to diminish at a later time. As it will be described later on, the drop in the force coefficients, is related to the detachment of the dynamic stall vortex from the aerofoil. At a later time, the integral forces oscillate slowly converging towards the asymptotic static-stall values, in agreement with the physical description given by McCroskey [2] . During their time evolution, the maximum values achieved by the lift and drag coefficients are C L = 1.58 and C D = 0.67, respectively. Both these values are about the double of the corresponding coefficients measured in the static case at α = 20 o (see Rosti et al. [21] ).
The other panels of Figure (2) show the time evolution of the pressure coefficients C p (b and c) and of the friction coefficients C f (d and e). Figure ( 3) displays the contours of the span-wise, z-component of vorticity ω z , averaged in the homogeneous z-direction at the same six times as the ones considered in Figure ( 2). In particular, the first plot corresponds to the zero degree angle of attack, the second to α = 10 o and the others at various time instants at α = 20 o . Figure (3a) shows how the flow is mostly symmetric over the aerofoil surface when α = 0 o . Consistently, also the C p distribution appears to be symmetric (Figure (2b) ), with a plateau starting at about the mid-chord position, indicating the presence of a separated region. The presence of the separated flow appears clearly from the friction coefficient distribution (Figure (2d) ) that presents a peak near the leading edge, followed by a smooth decrease and a separation point at about the mid-chord location. As the angle of attack is increased, the pressure distribution (Figure (2b) ) and the flow field ( Figure (3b-c) ) loose their symmetry with a consequent lift increase. At increased angles of attack, the maximum friction coefficient and the separation point move towards the leading edge (Figure (2d) ). Even after having reached the maximum incidence, the lift coefficient keeps increasing (Figure (2a) ) with a pressure coefficient distribution that does not show the typical separation plateau [21] . As the peak of the pressure near the leading-edge is still increasing, and a second peak appears around the mid-chord (Figure (2c) ). The latter is the footprint of a large vortex which has started to form on the suction side (i.e., the so called dynamic stall vortex), see Figure (3d ). It is also noted that until the maximum lift is not reached, no vortices are shed from the trailing edge as can be educed from Figure (3d) . After its formation, the dynamic stall vortex is convected downstream towards the trailing edge (as indicated by the displacement of the second pressure peak in Figure (2c) ), where an induced counter rotating vortex is formed, see Figure (3e ). When the dynamic stall vortex finally detaches from the aerofoil and the trailing edge vortex reaches its maximum size (Figure (3f) ), the pressure attains an almost constant distribution indicating a fully separated flow condition (Figure (2c) ). The complete time evolution of the separation point is reported by the solid line in Figure (4a) . At α = 0 o the separation point is located at x s = 0.47c, moving towards the leading edge as the angle of attack is increased. As already remarked, the static stall separation point x s = 0.025c (dashed line) is firstly reached when the ramp-up motion is finalised at t = 3.5c/U ∞ . In the subsequent stage, when the incidence angle is constant (α = 20 o ), the separation line moves further upstream followed by a damped oscillating positioning around its static value. 
Hinged flap: parametric study
We now turn our attention to the effects of a membrane-like flap mounted on the suction side of the aerofoil during the same ramp-up motion. As an initial step, we had to identify a design of the flap able to deliver substantial aerodynamic benefits during the manoeuvre. A proper design must keep into account that the flap motion and its effects on the flow field are controlled by various parameters, such as its length, inertia, position, the torsional spring stiffness and its damping factor. In a previous study, focusing on stall at fixed angle of attack (at α = 20 o ), we have carried out a parametric study aimed to identify an optimal control condition defined as the one that delivers the highest lift coefficient C L while preserving or improving the aerodynamic efficiency E = C L /C D (see [32] ). For the present study, where the incidence varies with time, we proceed with a similar parametric study but pursuing a different aerodynamic condition. In particular, we define as a desired condition the one that maintains high efficiency during all the manoeuvre, postpones the dynamic stall, i.e., the lift breakdown, and reduces the subsequent degradation rate of the lift coefficient. Tablr (1) details all the flap configurations that have been considered. In particular, apart from the baseline case without flap, we have analysed flap lengths in the range L/c = 0.1 − 0.3, and spring stiffnesses in the range K = 0.037 − 0.600. Note that the spring stiffness can be related to the natural frequency of the flap as K = I (2πf ) 2 , where I is the moment of inertia with respect to the rotation axis given by I = mL 2 /3, (m being the mass per unit spanwise length). The chosen stiffness values correspond to flap natural frequencies ranging between the half and the double of the shedding frequency of the baseline foil at the maximum angle of attack achieved in the ramp-up motion, i.e., f 0 = 0.58U ∞ /c at α = 20 o . In previous studies (see [31] and [32] ), we have also analysed both the effects of the flap hinge position, and of a different configuration consisting of two flaps positioned in tandem on the suction side of the aerofoil. The effect of these parameters has not been considered in this study, since it was found that the aerodynamic performances were not very sensitive to their introduction. Having considered all the cases reported in Table ( 1), we have found that the best performance is achieved when using a flap 0.1c long, resonating with the shedding frequency of the uncontrolled aerofoil at an incidence of α = 20 o . A summary of the time evolution of the lift coefficients during the ramp-up manoeuvre obtained using various flap configurations is reported in Figure (5 ) (note that, only the lift breakdown phase is shown in the figure).
Flow around the foil equipped with the selected flap
In this section we will be focusing on the aerodynamic performances and on the flow field generated around a NACA0020 aerofoil equipped with a zero thickness flap mounted on its suction side during the ramp-up motion under consideration. The Table 1 . Flap configurations considered in the parametric study. The aerofoil is NACA0020 and the Reynolds number is Rec = 20000. The flap parameters, i.e., the ratio between the spring natural frequency and the shedding frequency f /f0, the flap's length L, the hinge position x F , the spring rotational stiffness K, and the moment of inertia I are provided. chosen flap configuration corresponds to the one delivering the best performances as determined via the parametric campaign described in the previous section: flap length 0.1c, hinged at 0.7c, infinitely long in the spanwise direction, and with a torsional stiffness adjusted to produce a flap natural frequency matching f 0 (the shedding frequency of the baseline profile at 20 o incidence). For convenience, in what follows the aerofoil equipped with the aforementioned, quasi-optimal flap will be simply termed either as the controlled aerofoil, or the aerofoil with the flap. A comparison of the time evolution of the lift and drag coefficients of the baseline aerofoil (continuous line) versus the controlled one (dotted line) during the ramp-up motion is displayed in Figure (2) . From the diagram, it appears that the drag coefficient C D is only slightly influenced by the presence of the flap, while the lift coefficient C L is increased during the initial 7tU ∞ /c time units, thus indicating an overall increase in aerodynamic efficiency E during the ramp-up motion. Figure (4b) reports the time variations of the aerodynamic efficiency E (defined as the ratio between the lift and drag coefficients, i.e., E = C L /C D ). The graph shows how the controlled case presents higher values of the efficiency than the baseline one during the whole manoeuvre, with a maximum which is approximately 10% higher than in the uncontrolled case. From the figure, it also appears that higher efficiency is also maintained during the whole lift breakdown phase. Moreover, in the most critical condition, the minimum lift coefficient at the end of the lift breakdown is sensibly higher (about 12%) in the controlled case than in the uncontrolled one (i. overshoot delivers a smoother aerodynamic response to the unsteady change of incidence. The milder aerodynamic response induced by the presence of the flap is also enhanced by the extended time interval over which the lift decreases after the first lift maximum: in the controlled case this period of time is extended by 5% as compared to the baseline case.
Figure (6) shows the flow evolution during the ramp-up manoeuvre in terms of spatial and phased averaged spanwise vorticity when the flap is in use. The selected snapshots and vorticity levels correspond to the ones of the baseline case illustrated in Figure (3) . Initially, at α = 0 o , the flow is mostly attached to the aerofoil, and the flaplet lies tangentially on the aerofoil surface (Figure (6a) ). As the angle of attack is increased and the separation point moves upstream ( Figure (6b-c) ), the flap starts to lift reducing the backflow advancing from the trailing edge. Within this stage, the pressure coefficient C p (Figure (2b) ) of the controlled case shows a higher leading edge pressure peak. It is also noted that the presence of the flap postpones the C f oscillations (see Figure (2d) ). In the following stage, when the dynamic stall vortex is forming and maximum lift is almost reached (Figure (6c-e) ), the flap reverses his movement, now directing towards the wing surface. The flap downward motion generates a jet that displaces the forming trailing edge vortex downstream. This flap-flow interaction process delays the detachment of the dynamic stall vortex, resulting in a higher maximum lift value (maximum value in the controlled case: C max L = 1.68), and in a milder lift breakdown. A footprint of the same process can also be observed in the C p and C f distributions in Figure (2c,e) that show how the second pressure peak and the friction oscillations due the movement of the dynamic stall vortex occur at a chord location closer to the leading edge. Differently from the previous magnitudes, the time displacement of the mean separation point over the suction side, shown in Figure (4a) , is only slightly altered When describing Figure ( 2d-e), we have already highlighted the presence of some oscillations in the C f distribution by the trailing edge region. These oscillations amplify in time thus affecting larger portions of the foil. The physical mechanism responsible for these oscillations is a shear layer instability of Kelvin-Helmholtz type that originates from the trailing edge and propagates upstream in time. The time-space propagation of this instability is analysed in Figure (7a ) that shows the evolution over time of the fluctuations of the stream-wise velocity component at various x locations at a wall normal distance of 0.1c above the aerofoil suction side. The red and blue curves are used for the baseline and controlled cases, respectively. The symbols in the same figure indicate the time when the amplitude of the fluctuation reaches 2.5% of the averaged streamwise velocity value. In this diagram it is clear that in the baseline case initially the x-wise velocity fluctuations are confined to the trailing edge region and that only after 2 time units the fluctuations reach the half chord location. At a later stage, the fluctuations travel slowly further upstream, but never contaminating the leading edge portion of the aerofoil. This behaviour proves that in the baseline case, during the ramp-up motion, the separated region travels upstream from the trailing edge. When the flap (7) is considered, the situation is quite different. In this case, the locations upstream of the flap hinge are reached by the perturbations with a slight time delay, while the the fluctuations downstream of the hinge are strongly reduced in amplitude and postponed in time. Table ( 2) confirms the aforementioned effect of the flap in reducing the velocity fluctuations in the rear part of the aerofoil (by approximately 10%) while leaving the intensity of the fluctuations almost unchanged in the front part. Figure (7b) and Table ( 2) also illustrate the behaviour of the pressure fluctuations that further highlights the difference between the two cases with a maximum reduction of pressure rms of about 25% at 80% of the chord.
Further insight into the physical processes taking place during the ramp-up motion can be gained by analysing the time emergence of coherent structures, their mutual interactions and the generation of the wake. In particular, vortical coherent structures have been identified using the Q-criterion proposed by Hunt et al. [43] . This technique allocates a vortex to all spatial regions that verify the condition
where S = 1 2 ∇u + ∇u T is the rate of strain tensor and Ω = 1 2 ∇u − ∇u T is the vorticity tensor. Instantaneous Q iso-surfaces are shown in Figure (8) . The left column corresponds to the baseline profile, while the right one presents the case of the aerofoil with the flap. The rows in the figure have been captured at the same time after the beginning of the ramp-up motion. Panels in the first row (a and b) correspond to the earliest stages at t = 1.45c/U ∞ , when the angle of attack is α = 10 o . The flow is very similar in the two cases presenting a slight asymmetry, with coherent structures generated only past the trailing edge area of the suction side. At α = 20 o (panels c and d), the shear layer rolls-up into a recirculating region that closes at about the mid-chord location. However, the size and intensity of the large roller is strongly reduced when the flap is in use. Moreover in the controlled case, the whole shear layer instability and the consequent roll-up appear to be shifted downstream indicating a time delay in the whole instability process. The next panels (e, f and g and h) show how the roll-up process continues to develop leading to the formation of a very large recirculating zone (i.e., the dynamic stall vortex) that basically covers all the foil suction side. Again, the recirculating region and its intensity seem to be diminished by the action of the flap that also delays the process in time. In the same panels, it is also possible to observe the presence of a trailing edge vortex that interacts with the dynamic stall vortex inducing an upward displacement of the latter. As compared to the baseline case, in the controlled case, the trailing edge vortex is also displaced downstream . When the trailing edge vortex is shed, the leading edge shear layer starts to roll-up again forming a new vortex (see panels i and j). The whole process is then cyclically repeated in time with the intensity of the fluctuations slowly damped out to reach asymptotically the final stationary stalled condition.
A further analysis that allows to better understand the unsteady vortex formation, the associated transport processes and the origin of the instabilities arising in the flow is based on the study of the evolution of the Finite-Time Lyapunov Exponents (FTLE) [44, 45] . The FTLE, σ T (x, t), is a scalar function of space and time which measures the rate of separation of neighbouring particle trajectories originating within a small ball centred at location x and at time t. The FTLE over a given time interval [t 0 , t 0 + T ] is defined as:
where ∆ is the Cauchy-Green deformation tensor computed over the same finite 
The local extrema of the FLTE distribution are associated to the presence of coherent structures in the flow [45] . Figure (9) shows contours of the FTLE during a time period equal to the one considered in Figure ( 2). The frames are organised chronologically, with the left and right columns corresponding to the baseline and controlled cases, respectively. Starting from t = 1.45c/U ∞ , the snapshots have been extracted at the same time instants as the ones marked in Figure ( 2). In panels a and b, the corresponding flow field is slightly asymmetric with two shear layers originating from the mid-chord region. The next two panels (b and c), show how the flow on the pressure side of the foil tends to reattach, while on the suction side an early separation is visible. Also, the shear layer at the trailing edge starts to roll up. As the shear layer roll-up process continues, a recirculation region is progressively built up on the foil suction side (see panel e and f), ultimately leading to the formation of a large scale vortical structure, i.e., the dynamic stall vortex. As already remarked when analysing Figure ( It is also highlighted that, while the large scale, dynamic stall vortex is formed, no vortices are shed from the trailing edge and an almost stable straight shear layer develops from it. The last two panels (i and j) show how the trailing edge shear layer rolls-up forming a fresh trailing edge vortex which pushes the dynamic stall vortex upwards causing its detachment. From panel j it also appears that the action of the flap strongly delays the formation of the trailing edge vortex. Finally, we analyse the spanwise two-point pressure autocorrelation R pp at various xy coordinates. The autocorrelation is defined as
where the bar denotes the double average over time and along the homogeneous direction z. The pressure autocorrelation snapshots shown in Figure ( the flow is mostly attached to the aerofoil, and all the points are in the laminar region. A wake induced, low amplitude pressure wave (amplitude ∼ 0.3% of the mean value) is visible at all the selected locations in panels a and b. In panel a, the controlled case shows the same behaviour except at the trailing edge, where the correlation reaches higher negative values. A more clear difference between the two cases is visible in panel b, that corresponds to the moment in which the angle of attack has reached 20 o , and the separation point has moved upstream as shown in Figure (4a) . In the baseline case the correlation rapidly goes to zero for all the points in the rear part of the aerofoil, indicating transition to turbulence. Differently, the case with flap maintains higher values of the autocorrelation function in all the region covered by the flap motion. In later stages (panels c and d), when the trailing edge vortex is starting to roll up, the baseline case takes on a higher value of the correlation function (see Figure (8e) ). The lower value in the controlled case is due to the action of the flap that delays the formation of the trailing edge vortex. Finally in panel e, most of the correlation values are quite low, except in the region spanned by the flap motion (in the controlled case), where the correlation seems to grow again because of the coherent local flow motion induced by the flap movement.
Conclusion
The present numerical study focuses on the use of a passive, self actuated, zero thickness flap as a control device able to limit the abrupt lift breakdown typical of dynamic stall. In particular, we have considered a NACA0020 aerofoil undergoing a ramp-up manoeuvre (i.e., incidence angle α initially increasing linearly from 0 o to 20 o with a reduced frequency of 0.12U ∞ /c, followed by a plateau at α = 20 o ) at a chord Reynolds number of 2 × 10 4 . After having conducted a detailed analysis of the baseline flow without flap, a number of different flap configurations have been considered having set as an aerodynamic objective one that: i) postpones the dynamic stall, ii) reduces the subsequent lift coefficient degradation rate and iii) delivers a high efficiency throughout the whole manoeuvre. In particular, we have considered a family of rigid, membrane-like flaps hinged at the same location on the foil suction side (i.e., 70% of the chord) via a torsional spring. Each different flap configuration, obtained by modifying the flap natural frequency (i.e., spring stiffness) and its length, has been evaluated in terms of the aforementioned criteria. Finally, it has been found that a flap measuring 10% of the chord, with a natural frequency matching the shedding frequency of the baseline foil at α = 20 o (in steady stalled conditions) delivers the best performances in term of the desired aerodynamic objectives. To shed some light on the physical mechanisms that improve the time evolution of the lift coefficient during the ramp-up motion, we have also systematically analysed the flow topology and its variations when the flap interacts with the fluid flow field. In general, it has been observed that already from the beginning of the linear increase of the incidence angle, the presence of the flap appears to delay the whole dynamic stall process. In particular, the flap retards the initial roll up process associated with the vorticity generated by the shear layer instability originating at the leading edge. This delay is also accompanied by a mitigating effect that decreases the intensity of the generated dynamic stall vortex. The latter, lifts up the flap during its passage thus partially inhibiting the interaction between the vortex advected along the suction side of the foil and the trailing edge shear layer that also appears to be stabilised by the flap action. The final flap downward motion also contributes to delay and to diminish the intensity of the trailing edge vortex. The described stages constitute a cycle that repeats in time slowly reducing in intensity until the transient is completed and the steady angle of attack cyclic condition is recovered [21] .
